Rationale: To protect against HIV infection, passively transferred and/or vaccineelicited neutralizing antibodies (NAbs) need to effectively target diverse subtypes that are transmitted globally. These variants are a limited subset of those present during chronic infection and display some unique features. In the case of mother-to-child transmission (MTCT), transmitted variants tend to be resistant to neutralization by maternal autologous NAbs.
Introduction
Neutralizing antibodies (NAbs) are a common feature of successful viral vaccines [1] [2] [3] and thus have been the subject of intense study for HIV-1. Passive immunization studies in the macaque model have provided proof-of-concept that NAbs can protect against HIV-1 infection [4] . However, because these studies were performed using select subtype B HIV-1 variants and monoclonal antibodies (mAbs) that were known to effectively neutralize the challenge virus, the potential of this approach to limit the spread of diverse circulating HIV-1 variants remains unclear. In order for passively transferred or vaccine-elicited NAbs to halt the spread of HIV-1, they will have to effectively target transmitted variants from the major global subtypes, particularly those common in sub-Saharan Africa such as A, C and D [5] [6] [7] .
Recently, HIV-1-specific NAbs with improved breadth (bNAbs) and potency across major subtypes were isolated from HIV-1 chronically infected individuals. Some of the new bNAbs interact with the CD4 binding site (CD4bs) [8] [9] [10] similar to the less potent HIV-1 mAb, b12, which demonstrated protection in passive studies in macaques [11, 12] . Examples of CD4bs antibodies include VRC01 and NIH45-46, which were isolated from the same individual. NIH45-46W is an engineered form of NIH45-46 and displays enhanced breadth and potency through improved interaction with the hydrophobic CD4 binding pocket in gp120 [13] . Another class of bNAbs target the variable regions, the prototype of which are PG9 and PGT145. These antibodies show specificity for a quaternary epitope formed in the context of the envelope (Env) trimer in V1/V2, and are dependent on conserved N-linked glycans at position 156 and 160 [14] [15] [16] . Two other bNAbs, PGT121 and PGT128, target an epitope in the V3 loop, which includes conserved N-linked glycans at positions 301 and 332 [17, 18] . Breadth and potency of these bNAbs has been defined by screening against viruses from different stages of infection representing the major circulating subtypes worldwide [13, 14, 17, [19] [20] [21] and in a more recent study, variants from acute heterosexual transmission cases [22] .
For NAbs to block HIV-1 infection, they must neutralize transmitted strains of HIV-1, which are a subset of relatively unique variants because only a subset of the variants in the index person is transmitted to the exposed recipient [23] . Several studies have suggested that the bottleneck imposed during transmission has an effect on sensitivity of transmitted variants to plasma NAbs- [24] [25] [26] [27] [28] . Indeed, a recent study identified some bNAbs that displayed a breadth profile for viruses from acute heterosexual transmission that was distinct from what was observed in earlier studies with chronic stage viruses [22] . For example, glycan-dependent antibodies PGT121, PGT128 and PGT145 had two to three-fold lower breadth against variants from acute heterosexual infection, whereas no differences were noted for CD4bs antibodies [22] .
MTCT occurs in the presence of passively acquired antibodies and transmitted variants have been shown to be less sensitive to maternal plasma autologous NAbs (aNAbs) than maternal variants in some studies, suggesting a role for maternal antibodies in selecting for transmitted variants [26] [27] [28] . These variants also have fewer potential N-linked glycosylation sites (PNLGs), which can impact bNAb recognition, particularly those dependent on glycans [26, 29] . Thus far, the breadth of bNAbs against early-stage MTCT variants remains unknown, yet this is relevant for considering the likely efficacy of passive antibody approaches for prevention of MTCT.
There is interest in whether HIV-1-specific bNAbs can contribute to the prevention of MTCT [30] . The utility of such bNAbs, however, depends on their ability to provide maximum coverage to match or exceed the current successful standard of care, which includes antiretroviral prophylaxis for mothers and infants [31] . Thus, a better understanding of the relative breadth and potency of these new bNAbs against vertically transmitted viruses, and whether transmitted and chronic variants of diverse subtypes have distinct neutralization profiles will be important in considering how best to harness their potential. Here, we determined differences in neutralization sensitivity of envelope variants of diverse subtypes obtained from infants and from transmitting and nontransmitting mothers infected with subtypes A, C and D. The viruses transmitted to infants were generally similar in sensitivity to variants from their chronically infected mothers as well as variants from nontransmitting mothers. However, the breadth and potency of the bNAbs varied by subtype.
Materials and methods

Study participants and viruses
Envelope variants (envs) were obtained from mothers and infants who participated in the Nairobi randomized breastfeeding clinical trial [32] . Envs were isolated directly from maternal PBMCs (n ¼ 75), breast milk cells (n ¼ 10) or infant PBMCs (n ¼ 22) and were obtained using limiting dilution single-copy PCR and cloning methods as described in refs. [26, 33] (and Majiwa, unpublished). PBMC-derived virus may provide the best representative sequences of the transmitted variants in the case of infants and our prior studies have shown that the dominant PBMC variant sequences are representative of the predominant replication-competent virus population [34] . Maternal envs were obtained in late pregnancy, delivery or by week 14 postpartum. Infant envs were obtained from 10 breastfeeding infants at the time they first tested HIV positive [26] ; the infants were HIV-1 negative at birth and tested positive at 6 weeks (n ¼ 9) and 6 months (n ¼ 1) postpartum. The ethical review committees of the University of Nairobi, the University of Washington and the Fred Hutchinson Cancer Research Center approved this study (IRB of record, University of Washington; 11540).
Neutralization assays
Neutralization sensitivity was tested using a single-cycle assay in TZM-bl target cells as described [26, 33] . In this HeLa cell-based assay, 6 Â 2-fold serial dilutions of antibody were tested with each virus in duplicate, which we have found gives comparable results to triplicate testing in prior studies. bNAbs tested included NIH 45-46W, VRC01, PGT121, PGT128, PG9, PGT145 and b12. Because the bNAbs are highly potent and were only available in limited supply, the highest concentration of antibody tested was 1 mg/ml for all bNAbs except for b12 (10 mg/ml). Viruses that were neutralized at greater than 50% at the lowest dilution tested (0.033 mg/ml) were retested starting at 0.5 mg/ml. Fifty percent inhibitory concentration (IC 50 ) was defined as the concentration of NAb that resulted in 50% inhibition, as previously described [26] . At least two independent experiments were performed and the mean of the two IC 50 s was used for the analysis. In cases in which IC 50 s from independent runs showed a difference of greater than 2.5-fold, a third run was performed and the most divergent value was excluded. In cases in which 50% neutralization was not achieved at the highest bNAb concentration tested, an IC 50 value corresponding to the highest concentration tested was used in the analysis.
Statistical analysis
Neutralization IC 50 values were dichotomized, using the highest bNAb concentration tested of 1 mg/ml as the cutoff. Generalized estimating equation (GEE) with a logit link and exchangeable correlation structure was used to analyse the majority of the data. For some specific analyses in which the GEE model did not converge due to small sample size, Fisher's exact test was used. To compare differences in sensitivities between maternal and infant variants, only data from the 10 mother-infant pairs with matched variants were used (n ¼ 75). Only maternal variants were used to compare differences in sensitivities of variants from transmitters versus nontransmitters. All maternal and infant viruses (n ¼ 107) were used to compare differences in sensitivities between subtypes. IC 50 values from a heterosexual transmission cohort of adult women were also included in some subtype comparisons [22] . All analyses were done using R version 2.10.1.
Results
Neutralization sensitivity of mother-infant variants
To examine the neutralization profiles of infant (transmitted acute) and maternal (circulating chronic) variants, env clones from mothers and infants enrolled in the Nairobi randomized breastfeeding clinical trial [32] were screened. A total of 107 variants consisting of 59 envs from 12 transmitting mothers, 26 envs from seven nontransmitting mothers and 22 envs from 10 infants were included in this study. These included 75 variants from 10 mother-infant pairs. We examined the neutralization profile of several variants from each individual in most cases, which provides a measure of neutralization sensitivity of representative viruses in the individual, although it may not cover the full spectrum of diversity in the virus population. The virus panel comprised envs from three major subtypes (A, C and D) and some intersubtype recombinants (C/D and D/A) ( Fig. 1 ).
All variants were sensitive to at least two of the bNAbs tested and several (n ¼ 13) were neutralized by all six bNAbs; however, no variants were sensitive to all seven mAbs including b12, which exhibited little breadth and potency ( Fig. 2 ). NIH45-46W neutralized the highest percentage of viruses (88%) with a geometric mean IC 50 of 0.14 mg/ml. The glycan-dependent PGT128 neutralized 87% of the variants and was the most potent (geometric mean IC 50 of 0.07 mg/ml). PGT121, VRC01 and PG9 showed similar coverage, neutralizing 69, 67 and 66% of the variants with geometric mean IC 50 s of 0.16, 0.38 and 0.27 mg/ml, respectively. PGT145, which shares a target site with PG9 [17] , neutralized only 32% of the variants and was also the least potent of the new bNAbs (geometric mean IC 50 of 0.69 mg/ml). Only 9% of the variants were neutralized by b12 ( Fig. 2 ). As observed in prior studies, bNAbs targeting distinct epitopes displayed considerable neutralization complementarity, whereas neutralization profiles from those targeting similar epitopes were mainly overlapping ( Supplementary Fig  1 and 2 , http://links.lww.com/QAD/A316) [20, 22] .
Neutralization sensitivity of variants from mother-infant pairs and transmitting and nontransmitting mothers
To examine differences in neutralization sensitivity between maternal and infant env variants, we compared IC 50 s for 75 variants from matched mother-infant pairs, including 53 from mothers and 22 from infants. Overall, we did not find any statistically significant differences between neutralization sensitivity of maternal and infant variants against the new bNAbs ( Fig. 3a ). However, only maternal but not infant variants were neutralized by b12 (P ¼ 0.05). Similarly, we did not observe statistically significant differences between vertically transmitted variants from infants (n ¼ 22) and all the variants obtained from chronic infection from transmitting and nontransmitting mothers (n ¼ 85) ( Supplementary Fig. 3 , http:// links.lww.com/QAD/A316). There was no consistent pattern of infant variants being more resistant to the bNAbs than maternal variants in either analysis; there were several cases in which the percentage of infant viruses neutralized was higher and some where it was lower than that of maternal viruses.
We also determined whether there were differences in neutralization sensitivity between variants from nontransmitting (n ¼ 26) and transmitting mothers (n ¼ 59). Interestingly, in all cases except VRC01 and b12, the percentage of viruses neutralized was higher in the nontransmitters than in the transmitters, although these differences did not achieve statistical significance when bNAbs were considered individually ( Fig. 3b ). We therefore performed an aggregate analysis considering neutralization sensitivity to all the bNAbs and observed that transmitting mothers showed a trend for having viruses that were more resistant to bNAbs than viruses from non-transmitting mothers (P ¼ 0.06, data not shown).
Influence of mode of transmission on neutralization sensitivity of infant variants to broadly neutralizing antibodies
To examine whether there are differences in sensitivity between vertically and heterosexually transmitted variants, we performed an analysis comparing the sensitivity of 45 variants from acute heterosexual transmission isolated from individuals in Kenya to the same bNAbs [22] and the 22 variants from vertical transmission. Interestingly, vertically transmitted variants were significantly more sensitive to PGT128 and PGT121 (P ¼ 0.03 in both cases); there were no differences for the other bNAbs ( Fig. 4a ).
Influence of subtype on neutralization sensitivity to broadly neutralizing antibodies Differences in neutralization sensitivity were explored in relation to subtype using the data from the 107 envelopes examined here, as well as 45 heterosexually transmitted variants isolated from individuals in Kenya analysed in a prior study [22] . Subtype A variants were significantly more sensitive to the CD4bs antibodies NIH45-46W (P < 0.04) and VRC01 (P < 0.002) than the nonsubtype A variants (Fig. 4b ). In addition, subtype A variants were more sensitive to PGT145 and PG9, which target a quaternary epitope formed by V1/V2 loops, than nonsubtype A variants, although the latter did not achieve statistical significance (P ¼ 0.03 and 0.15, respectively). Similar results were observed for NIH45-46W and VRC01 when we excluded subtype A recombinants from the non-A group (supplementary Fig 4A, http://links.lww.com/QAD/A316). Similar differences in neutralization by subtype were observed when we considered only the 107 mother-infant variants (data not shown).
Subtype A variants were significantly more sensitive to VRC01 (P ¼ 0.03) and PGT145 (P ¼ 0.007) but not to NIH45-46W (P ¼ 0.11) when compared with subtype (a) Viruses from Infants Fig. 1 . Summary of neutralization sensitivity profiles of all mother-infant viruses against bNAbs. Viruses have been grouped into three panels representing (a) viruses obtained from infants, (b) viruses obtained from transmitting mothers and (c) viruses obtained from nontransmitting mothers. Each row represents (from left to right) the virus name, virus subtype based on V1-V5 envelope sequence, the time of sample from which envelope was isolated and the IC 50 values for all bNAbs tested. Viruses were obtained as described previously [26, 33] . Maternal peripheral blood mononuclear cells (PBMC) variants were obtained from blood samples collected at various weeks of pregnancy (preg) and after delivery (week) and the time ranged from preg 32 to week 14 (Week 0 refers to the first week postpartum). Breast milk variants were obtained from week 0, 2 and 14 and are indicated with an asterisk. All infants were HIV-DNA negative at birth. Infant samples were obtained from the first time-point at which infants tested HIV-DNA positive (week 6 or 14 and month 6). IC 50 values range from 0.001to 1 mg/ml except for b12 (2.39-10 mg/ml) and are grouped by quartiles as shown in the key to the upper right. Darker shading indicates increasing bNAb potency defined in the key at the bottom left. White colour indicates that 50% neutralization was not achieved at the highest concentration of bNAb tested 1 or 10 mg/ml for the case of b12. IC 50 s are an average of at least two independent experiments performed in duplicates.
C variants (C and C/D), and also significantly more sensitive to NIH45-46W (P ¼ 0.03), VRC01 (P ¼ 0.002) but not PGT145 (P ¼ 0.42) when compared with subtype D variants (D and C/D; Supplementary Fig  4B and C, respectively, http://links.lww.com/QAD/ A316). Thus, differences in neutralization of subtype A versus non-A appears to be due to reduced sensitivity of both subtype C and D viruses depending on the bNAb.
Subtype A variants were significantly less sensitive to PGT121 compared with the combination of subtype C (C and C/D, P ¼ 0.0001; Supplementary Fig 4B, http:// links.lww.com/QAD/A316), but there were no differences between subtype A and variants encoding subtype D sequences (D and C/D) (P ¼ 0.4; Supplementary  Fig 4C, http://links.lww.com/QAD/A316), suggesting that the enhanced sensitivity of non-A variants may be Fig. 2 . Neutralization sensitivity of mother-infant variants to bNAbs. The Y-axis represents percentage of variants that achieved 50% neutralization to the bNAb indicated at the bottom of each bar on the X-axis. All bNAbs were tested at a starting dilution of 1 mg/ml,whereas b12 was tested at a starting dilution of 10 mg/ml. Results are from the average of two duplicate experiments of each virus/bNAb combination. The geometric mean IC 50 for each bNAb is shown at the bottom of each corresponding bar. Bars from bNAbs that target similar epitopes have been grouped together as shown at the bottom of the graph. Fig. 1c. (Continued ) largely due to the sensitivity of subtype C to PGT121. Among the 16 nonsubtype A variants resistant to NIH45-46W, the broadest bNAb tested, 14 were sensitive to PGT121 ( Supplementary Fig. 5A , http:// links.lww.com/QAD/A316), whereas of the two subtype A variants that were resistant to NIH45-46W, none were neutralized by PGT121 ( Supplementary Fig. 5B , http:// links.lww.com/QAD/A316).
Discussion
Circulating HIV-1 variants found in HIV-1 endemic regions such as subtype A, C and D viruses are critical targets for vaccines. Recently, new HIV-1 bNAbs have been isolated that show breadth against all HIV-1 subtypes, but their neutralization profile against vertically transmitted circulating variants representing diverse subtypes from endemic regions has not been defined. We determined the neutralization sensitivities of 107 HIV-1 variants from a MTCT cohort from Nairobi, Kenya, against bNAbs that target the CD4bs and glycandependent and/or quaternary epitopes in V1/V2 and V3.
These variants displayed high sensitivity profiles similar to those observed in studies of other virus panels primarily composed of chronic strains of HIV-1 variants. We did not observe any significant differences in neutralization sensitivity between the transmitted variants from the infants and variants obtained from the transmitting mothers, but there was a trend for variants from transmitting mothers to be more resistant to neutralization by the bNAbs than those from nontransmitting mothers. We observed significant differences in neutralization sensitivity between subtypes, with subtype A being significantly more sensitive than nonsubtype A to the CD4bs antibodies, NIH45-46W and VRC01, and glycan-dependent PGT145, but less sensitive to PGT121.
NIH45-46W, PGT128 and PG9 showed the greatest breadth and potency in their respective antibody class among available bNAbs. Mother-infant viruses were most sensitive to antibodies NIH45-46W and PGT128, which target CD4bs and V3, respectively [13, 17] . Interestingly, we observed that neutralization sensitivity of variants to these two bNAbs was complementary, resulting in 100% coverage of all variants tested, as was observed for recently transmitted variants from adult women [22] . We also observed that the neutralization profiles of PGT128 and PG9 in combination would result in neutralization of 98% of viruses. Overall, these observations support previous data showing that broad neutralization coverage of diverse variants from both chronic and acute infection can be achieved when combining bNAbs that target independent epitopes [20, 22] .
The subtypes commonly found in sub-Saharan Africa display limited sensitivity to first-generation antibodies directed at the CD4bs and glycans such as b12 and 2G12, respectively [14, 19, 35, 36] . Consistent with this, b12 could only neutralize 9% of variants tested in this screen. Compared with non-subtype A variants, we found that subtype A variants were significantly more sensitive to neutralization by CD4bs antibodies, NIH45-46W and VRC01, and V1/V2-directed antibody PGT145. Further analysis suggested that the differences in neutralization were driven primarily by differences between subtypes A and D for NIH 45-46W, and differences in both C and D versus A for VRC01. It remains unclear why subtype As are particularly sensitive to these antibodies, which were obtained from a subtype B-infected individual, but the data may suggest that there are differences in the CD4bs among the various subtypes.
Glycan-dependent antibodies displayed varied neutralization profiles depending on subtype. Subtype A variants were more sensitive to PGT145 and PG9 than nonsubtype As, although the difference did not reach statistical significance for the latter. The difference observed with PGT145 primarily reflected poor neutralization of subtype Cs. This result is somewhat surprising given a prior study showing that PGT145 neutralized a higher percentage of subtype C viruses compared with subtype As at 1 mg/ml (59 versus 48%, respectively), although the statistical significance of this difference was not evaluated [17] .
In contrast to the CD4bs bNAbs, NIH45-46W and VRC01, and V1/V2 directed PGT145, V3-directed, PGT121 displayed broader coverage and PGT128 showed a trend towards better coverage of non-subtype As, particularly subtype C. This difference in subtype preference could explain why PGT121 and PGT128 could effectively complement the CD4bs bNAbs. Thus, a combination of CD4bs and V3-directed bNAbs could overcome the constraints resulting from subtype differences.
We did not observe any significant differences in sensitivity profiles of transmitted variants from infants and variants from transmitting mothers with the bNAbs, although we did find that maternal variants were more sensitive to the mAb b12 than infant variants. These findings indicate that although infant variants are transmitted in the face of aNAbs and tend to be escape variants [26, 27, 37, 38] , they are not inherently resistant to neutralization by bNAbs. Likewise, there were no significant differences in neutralization sensitivity to any particular bNAb between variants from transmitting and nontransmitting mothers. However, in an aggregate analysis, viruses from nontransmitting mothers were generally more sensitive to neutralization, suggesting that there could be subtle differences in the neutralization properties of variants from transmitting mothers. Larger studies will be needed to explore this possibility.
In general, the sensitivity profile of our panel of chronic and acute viruses was comparable to the panels tested previously, which included mainly viruses from chronic infection [13, 14, 17, [19] [20] [21] . Similarly, the breadth of CD4bs antibodies NIH45-46W and VRC01 against variants from acute heterosexual infection (71-91%) and variants tested here was similar (overall, 67-88% and infant variants only, 77-82%) [22] . However, the glycandependent antibodies PGT121, PGT128, PGT145 and PG9 had greater breadth against our panel of variants than against those from acute heterosexual transmission (32-87% versus 16-49%). The presence or absence of the reported critical glycans was not in itself sufficient to explain the activity of these antibodies, an observation consistent with previous reports, although the presence of N332 significantly increased sensitivity to PGT128 (P ¼ 0.002) but not PGT121 (P ¼ 0.09) (data not shown) [22, 39] . PGT128 displayed the largest difference in breadth for mother-infant (87%) versus acute heterosexual variants (27%). Two recent studies suggested that heterosexually transmitted viruses from the early stage of HIV-1 infection are often resistant to PGT128 [22, 40] ; in the case of subtype C, early heterosexually transmitted viruses were shown to be less sensitive to PGT128 than chronic stage viruses [40] . In this study, the percentage of variants neutralized was similar for infants (vertical transmission) versus mothers (chronic infection). Thus, our data suggest that, in contrast to heterosexual transmission, there is not a selective bottleneck against transmission of PGT128-sensitive variants in MTCT. Consistent with this hypothesis, infant variants were significantly more sensitive to PGT128 than viruses transmitted heterosexually. This was also true for PGT121, which targets a similar epitope. Importantly, PGT128 was found to effectively complement the activity of CD4bs bNAbs for maternal-infant variants, and this was also true for heterosexually acquired viruses, despite the lower sensitivity of these variants to PGT128 [22] .
In conclusion, we have shown that representative HIV-1 transmitted variants from infants and variants obtained from transmitting and non-transmitting mothers are susceptible to newly isolated bNAbs. A combination of bNAbs that target different epitopes leads to broad neutralization coverage of both maternal and infant variants, as was observed with other virus panels [22, 39] . Our data suggest that the broad coverage attained by combining antibodies may be partly due to the fact that the bNAbs show distinct subtype biases. Thus, an immunogen that elicits multiple antibody specificities similar to those represented here may be needed to provide the required neutralization breadth to block diverse HIV-1 subtypes.
